Abstract: Children born very preterm (VP; <32 weeks' gestational age) are at risk for unfavorable outcomes in several cognitive domains, including spatial working memory (WM). The underlying neural basis of these cognitive impairments is poorly understood. We investigated differences in neuronal activation during spatial WM using a backward span (BS) task relative to a control (C) task in 45 VP children and 19 term-born controls aged 13 years. VP children showed significantly more activation in the bilateral superior frontal gyrus and significantly less activation in the left parahippocampal gyrus compared with controls. We further explored the distinct contributions of maintenance and manipulation processes of WM using forward span (FS)>C and BS > FS, respectively. There were no significant group differences in neuronal activation for FS > C. However, BS > FS revealed that VP children had significantly greater activation in the left middle frontal gyrus, in the left superior parietal gyrus and right cerebellar tonsil, and significantly less activation in the right precentral and postcentral gyrus and left insula compared with controls. Taken together these results suggest that VP children at 13 years of age show an atypical neuronal activation during spatial WM, specifically related to manipulation of spatial information in WM.
It is unclear whether these findings reflect delayed maturation and/or recruitment of alternative neuronal networks as a result of neuroplasticity. Hum Brain Mapp 38:6172-6184, 2017.
INTRODUCTION
Preterm birth is a global health problem affecting 1 in 10 infants every year (Blencowe et al., 2013) . Infants born very preterm (VP; <32 weeks' gestation) are at particular risk for adverse neurodevelopmental outcomes later in life, showing poorer performance in multiple cognitive domains [Anderson and Doyle, 2004] , including spatial working memory (WM) [Clark and Woodward, 2010; Fitzpatrick et al., 2016; Omizzolo et al., 2014; Saavalainen et al., 2007; Vicari et al., 2004; Woodward et al., 2005] . Most of these reports come from early childhood studies, but some evidence suggests that impairments persist in VP adolescents [Luu et al., 2011; Saavalainen et al., 2007] . Despite these findings, there has been little investigation to understand the neurological substrates underlying WM impairments in VP survivors. The early adolescent period is characterized by maturation of the frontal-parietal network [Giedd et al., 1999] that supports the development of visual-spatial WM [Klingberg et al., 2002] . The use of functional MRI could provide important insight into the neurodevelopmental organization underlying WM impairments in VP children and adolescents.
WM is a nonunitary construct referring to a set of processes involved in maintenance and manipulation of information [Baddeley and Hitch, 1974; Cowan, 1997; D'Esposito, 2007; Petrides, 1994] . In the healthy population, improvements in planning, decision-making, reasoning, and comprehension are milestones in the transition from childhood to adulthood, and these skills are known to rely on WM processes [Baddeley and Hitch, 1974; Daneman and Merikle, 1996; Engle et al., 1992] . Backward span (BS) and forward span (FS) tasks are traditional measures of WM in children [Wechsler, 1991] , which test the capacity to recall the serial order of information immediately after its presentation. While the administration of FS and BS tasks is similar, the two tasks differ with regard to the processing demand required in retrieving the serial order [Reynolds, 1997; Rosenthal et al., 2006] . In FS, the serial order is retrieved by simply repeating the temporal presentation of information, and is therefore considered a "pure" measure of maintenance of information [Crone et al., 2006] . In contrast, the serial order in the BS task is retrieved by reversing the order of the temporal presentation. Thus, BS not only requires maintenance of the serial order, but also the capacity to simultaneously manipulate the temporal presentation to successfully retrieve the reverse order.
The dissociation between maintenance and manipulation WM processes has support from neuroimaging studies of healthy developing children and adults. Activation of the dorsolateral prefrontal cortex (DL PFC) is greater during tasks requiring manipulation compared with tasks requiring maintenance only [Crone et al., 2006; D'Esposito et al., 1999; Owen et al., 1996; Owen et al., 2000] . Furthermore, maturation of the bilateral superior parietal gyrus and the right DL PFC is linked to improvements of manipulation in childhood and adolescence [Crone et al., 2006] . Specifically, increased activation of the bilateral superior parietal gyrus and the right DL PFC was observed during a delayperiod of manipulation relative to a delay-period of maintenance in 13-17 year olds, but not in younger children between 8 and 12 years of age [Crone et al., 2006] . Given that the DL PFC is one of the last areas to mature during development, continuing up to late adolescence [Giedd, 2004] , the development of manipulation processes is suggested to be more protracted than the development of maintenance.
The neuronal basis of WM in VP children is not well understood. In a recent study, Murner-Lavanchy et al. [2014] found that VP children aged 7-12 years show significantly less activation in the right posterior middle frontal gyrus compared with controls during a visual-spatial WM task, despite similar WM performance on cognitive testing. Further analysis revealed increased activation in the bilateral superior frontal gyrus in the VP group compared with the term control (TC) group. This atypical pattern of activation may indicate that less neuronal efficiency in some areas is compensated by increased activation in other areas, resulting in comparable cognitive performance between VP and TC children [Nosarti et al., 2006; Rushe et al., 2004; Santhouse et al., 2002] . It remains, however, unclear whether this difference in the WM neuronal network is due to developmental delay. For example, Murner-Lavanchy et al. [2014] reported some evidence that VP children may gradually assume a more typical organization of the WM network in the early adolescent period; however, no group contrasts could be performed to explicitly test this hypothesis given their small sample size relative to the wide age-range.
Results to date imply a particular vulnerability of the WM network during performance of tasks requiring high processing demands (e.g., manipulation of information) in comparison with tasks requiring less processing demands (e.g., maintenance of information). An investigation of the specific processes of WM may shed light on the underlying mechanisms of WM impairments commonly reported in neuropsychological studies. Furthermore, investigating the neuronal network using a narrow age-range in early adolescence is warranted given that this is important period in neurodevelopment.
In this study, we aimed to describe the neuronal correlates of spatial WM in 13-year-olds born VP, using BS and FS tasks. We were interested in two specific research questions: (i) do VP children show different neuronal activation during a spatial WM task compared with term-born controls, and if so (ii) to what extent is this related to maintenance and/or manipulation processes of WM? Based on current literature, we hypothesized that during spatial WM, VP 13 year olds would show decreased neuronal activation in the right middle frontal gyrus, and increased activation in the superior frontal gyrus compared with controls. Given that manipulation processes are particularly sensitive to maturation of the frontal-parietal areas during development, we hypothesized significant differences in neuronal activation during manipulation between VP children and controls, but that the neuronal activation during maintenance would not differ between groups.
MATERIALS AND METHODS

Participants
The Victorian Infant Brain Study (VIBeS) is an ongoing prospective longitudinal neuroimaging study investigating long-term outcomes of very preterm/very low birthweight (VP/VLBW) children. A cohort of 224 VP/VLBW was recruited between July 2001 and December 2003 from the Royal Women's Hospital (RWH) and the Royal Children's Hospital (RCH) in Melbourne, Australia. Eligible for inclusion in the VP/VLBW group were live-born infants <30 weeks' gestational age and/or <1250 g birthweight, free of chromosomal and congenital abnormalities. A control group of 77 healthy term-born infants 37 weeks' gestational age and 2,500 g birthweight was also recruited. Perinatal characteristics and brain imaging data were collected at term-equivalent age. Small for gestational age was defined as a birthweight Z score <22 SD computed for gestational age and sex relative to the British Growth Reference [Cole et al., 1998 ], and age was corrected for prematurity to avoid overestimating differences in neurodevelopmental and cognitive outcome between preterm-and term-born children [Wilson-Ching et al., 2014] .
The VIBeS cohort was contacted for a 13 year follow-up consisting of a neuropsychological assessment and an optional MRI at the Murdoch Childrens Research Institute (MCRI). Parents gave written informed consent for their child to participate. The study was approved by the Human Research Ethics Committee at the RCH.
This study consists of a subsample of the VIBeS cohort who gave consent to the optional MRI between December 2014 and April 2016 (84 VP children and 22 TC children). VP children with severe brain injury on neonatal cranial ultrasound (cystic PVL at ultrasound and/or IVH grade 3-4) were excluded from the study (n 5 6), leaving a subsample of 100 eligible participants (78 VP children and 22 TC children).
Behavioral Measurements
The neuropsychological assessment included an estimation of full-scale IQ by administering the full version of the Kaufman Brief Intelligence Test, Second Edition (KBIT-2; Kaufman and Kaufman [2004] ). Estimation of spatial WM was performed using FS and BS based on the block recall subtest from the Working Memory Test Battery for Children (WMTB-C; Pickering and Gathercole [2001] ). Social risk was estimated using six aspects: family structure (number of caregivers), education of primary caregiver, occupation of primary income earner, employment status of primary income earner, English spoken at home, and maternal age at birth [Roberts et al., 2008] . The scoring system and cut-off score for high versus low social risk has been described previously (idem).
MRI Acquisition
Neuroimaging data were acquired on a 3 T Trio Siemens MRI scanner (Siemens, Erlangen, Germany) with a 32-channel head coil. Functional MRI was acquired with an echo-planar imaging (EPI) sequence with TE 5 35ms, flip angle 5 908, TR 5 2,750 ms, interleaved slice acquisition, isotropic voxel size 5 3.3 mm across the whole brain. A gradient echo field mapping sequence was acquired with two different TEs (5.19 and 7.65 ms), flip angle 5 608, TR 5 420 ms, isotropic voxel size 5 3.3 mm. High-resolution anatomical MP-RAGE images were acquired with EPI-navigated prospective motion compensation, 4 TEs (1.77, 3.51, 5.32, and 7.2 ms), flip angle 78, TR 2530 ms, isotropic voxel size 5 0.9 mm.
fMRI Paradigm and Procedure
The fMRI paradigm involved the presentation of four grey boxes positioned in an array on a white screen. All children were informed that three boxes would flash randomly one after another (1,000 ms ON in yellow and 1,000 ms OFF back to grey) and instructed to remember the temporal sequence and location of the flashing boxes. The paradigm consisted of three tasks: FS, BS and C task. In the FS task, children were asked to immediately repeat the sequence of the flashing boxes by pressing the spatially corresponding buttons on a 4-button response device. In the BS task, children were asked to press the corresponding buttons in reverse order. Although the children were informed that the boxes would flash randomly, the order of the boxes flashing was semi-random in that one box would never flash twice within a trial and that at least one box would flash on either the far left or far right position The C task was similar to the FS and BS tasks, but differed in that only the far left box would flash (this time in red rather than yellow) and the children were asked to press all buttons on the response device in any order after the presentation. Figure 1 illustrates the fMRI procedure and presentation of the task.
The fMRI paradigm was programmed in Python 2.7.13, using PyGame Library Toolkit Version 1.9.1. Each task consisted of (a) a 5 s encoding phase: 1,000 ms ON (1 flashing box and 3 grey boxes), 1,000 ms OFF (4 grey boxes), 1,000 ms ON (1 flashing box and 3 grey boxes), 1,000 ms OFF (4 grey boxes), and 1,000 ms ON (1 flashing box and 3 grey boxes), followed by (b) a 5 s retrieval phase: 5,000 ms OFF (4 grey boxes). The time elapsed between the onset of the paradigm (start of the echo-planar imaging) and the start of a new encoding phase was registered and responses provided on the 4-button response device were registered during the retrieval phase to monitor the child's level of engagement with the task. A score of 1 given for each correctly pressed button (hence, a maximum score of 3 within a trial) during the FS and BS tasks. Each task consisted of 15 trials, resulting in a maximum score of 90 if all buttons were pressed correctly within all trials during the FS and BS tasks.
The tasks were grouped into 34.5 s blocks consisting of 3 consecutive trials which were separated by a 1,500 ms black dot in the middle of the screen. Prior to each block, a text appeared in the middle of the screen (3 s) to inform the participants which task was coming next (i.e., "Rest," "Forward!," or "Backward!" for C, FS, and BS, respectively). The same text appeared over the 4 grey boxes during the retrieval phase to prompt a response using the device, with the exception for the C task which read "Press all buttons." Each task consisted of 5 blocks, presented in the following order: C, FS, BS, and this order was repeated 5 times, resulting in a total of 15 blocks. The total time of the fMRI paradigm was 9.6 min.
All children were prepared before their MRI with a brief explanation of the MRI procedure and a mock MRI. The fMRI paradigm was first demonstrated and practiced offline on a computer, and then practiced in a mock MRI scanner using a 4-button response device. Children were instructed to fixate their gaze on the screen and press the appropriate buttons using their preferred hand, while keeping the response device in place with their other hand.
Figure 1.
Presentation of the fMRI task offline (A) and during scanning (B). Children able to complete the fMRI task offline attempted the same offline task in a mock MRI, using a 4-button response device (C). In the FS task, a 3 s cue phase with the text "Forward!" appeared in the middle of the screen, followed by a 5 s encoding phase with 3 flashing boxes at a rate of 1 per second, and a 5 s retrieval phase, during which children were required to repeat the sequence using the response device (D).
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Statistical Analysis
Perinatal and neurobehavioral data were analyzed in STATA-14 [StataCorp, 2015] . For categorical data (sex, handedness, and social risk) a v 2 test was used to compare the maximum likelihood of odd ratios. Online performance accuracy was tested using a two-sample Wilcoxon rank-sum (Mann-Whitney) test. A two-sample t test, with unequal variance for skewed distributions, was used to examine group differences for continuous variables.
MRI preprocessing and statistical analysis
The high-resolution T1 images were skull stripped using a marker-based watershed brain extraction tool [Beare et al., 2013] . The skull-stripped T1 images were co-registered into the echo-planar image space with a boundary-based registration approach and registered to standard Montreal Neurological Institute (MNI) 152 space, using a nonlinear transformation (warp resolution 10 mm) in FMRI Expert Analysing Tool, Version 6.00 (FEAT) as implemented in FMRIB's Software Library (FSL), Version 5.0.9.
First-level analysis of the fMRI time-series was performed with FEAT, implemented in FSL. The preprocessing involved three steps: first, all fMRI volumes were aligned using Motion Corrected FMRIB's Linear Registration Tool (MCFLIRT), and underwent spatial smoothing 5mm Gaussian kernel of (Full Width Half Maximum), mean intensity normalization, timeslice correction, and B0 unwarping using the gradient echo field mapping sequence. Second, Independent Component Analysis-based Automated Removal Of Motion Artefacts (ICA-AROMA) was used to remove residual motion artefacts from the dataset by automatically classifying the independent components generated from Multivariate Exploratory Linear Optimized Decomposition into Independent Components (MELODIC) as implemented in FSL, and then removing noise/motion components from the fMRI time-series [Pruim et al., 2015] . Mean signal intensities of the white matter and of the cerebral spinal fluid (CSF) were included in the analysis as regressors of no interest. These were estimated from 95% probability masks of the white matter and of the CSF obtained from segmentations of the T1 images in Statistical Parametric Mapping, Version 12 [Friston et al., 1994] , and transformed into echo-planar space. Lastly, a bandpass temporal filter (high pass 18.18 and low pass 21) was applied and the echo planar images were registered into MNI152 Talairach 2 mm space with a nonlinear 10 mm warp resolution.
First-level analysis, FSL's General Linear Model (GLM), was used to generate parameter estimates for 3 contrasts of interests: BS > C, FS > C and BS> FS. The first contrast (BS > C) was used to investigate areas activated during both maintenance and manipulation-related processes of WM. Areas associated with maintenance-related processes of WM were identified with FS > C, and areas associated with manipulation-related processes of WM were identified with BS > FS.
For group analysis, FMRIB's Local Analysis of Mixed Effect (FLAME) 1 implemented in FSL was performed on the individual FEAT directories generated from the firstlevel analysis. Sex, handedness, and age at MRI (corrected) were included as covariates. Images were thresholded using FWE clusters correction Z > 2.3 and P < 0.05 [Worsley, 2001] .
RESULTS
Sample Characteristics
Of the 78 eligible VP children from the VIBeS cohort, 2 declined the fMRI task after the mock MRI and 12 failed the mock MRI (2 had excessive movement, 8 found the fMRI task too difficult, 2 showed high levels of distress). Furthermore, 6 children had their MRI scan interrupted (3 requested to stop the MRI because of high levels of distress, 1 had time-restrictions, 2 had technical problems), leaving a sample of 58 VP children. All eligible controls (n 5 22) completed the task-based fMRI sequence.
Of the 80 participants who completed the fMRI timeseries, 6 (5 VP, 1 control) performed below 60% accuracy on the online fMRI task and 13 (10 VP children, 3 controls) had movement >2.9 mm (3 participants had both low performance and movement), calculated from the middle volume; these participants were excluded from further analysis, leaving a study sample of 45 VP children and 19 controls.
Characteristics of the study sample are presented in Table I . No significant group differences were reported for full-scale IQ and spatial WM between the VP and controls.
Task-Related Activation
Mean activation for the BS > C task in VP children and in controls is shown in Figure 2 . Both groups showed activation bilaterally in the superior and inferior parietal gyrus, superior and middle frontal gyrus, anterior cingulate gyrus, basal ganglia, thalamus, and cerebellum. Additional clusters were observed in the VP group in the bilateral rostrolateral prefrontal cortex (RL PFC), right cerebellum and left middle temporal gyrus.
Whole-brain activation differences for the BS > C task revealed that compared with controls, the VP group showed significantly more activation bilaterally in the superior frontal gyrus, extending to the left middle frontal gyrus. In contrast, VP children showed significantly less activation in the left parahippocampal gyrus (PHG) compared with controls (Figure 2) . Table II show the stereotaxic coordinates and Z scores for significant clusters.
Mean activation in VP children and in controls for the FS > C task was similar to the mean activation reported for the BS > C task (Fig. 3) . In both groups, activation was found bilaterally in the superior and inferior parietal gyrus, superior and middle frontal gyrus, and cerebellum. Additional Activation was found in the bilateral anterior cingulate gyrus and basal ganglia in VP children. No significant group differences were detected for the FS > C task. Figure 4 shows the mean activation in VP children and in controls for the BS > FS task. Mean activation in both groups were found in the middle and superior frontal gyrus, basal ganglia, and thalamus. In controls, mean activation was predominantly observed in the right hemisphere in the RL PFC (BA 10) and in the right basal ganglia. VP children showed bilateral activation in the RL PFC and in the DL PFC (BA 9, 46). In addition, VP children showed activation in the right cerebellum and right inferior parietal gyrus.
Group contrasts for BS > FS task revealed that compared with controls, VP children displayed significantly more leftlateralized activation in the middle and superior frontal gyrus, and in the superior parietal lobule, and increased activation in the right cerebellar tonsil. Compared with VP children, controls showed significantly more right-lateralized activation in the precentral and postcentral gyrus, extending to the middle frontal gyrus and inferior parietal gyrus. Furthermore, significantly more activation was found in the left posterior insula in controls compared with VP children. Table III shows the stereotaxic coordinates and Z scores for significant clusters.
DISCUSSION
This study has shown that there are significant group differences in neuronal activation during performance of a spatial WM task, with VP children recruiting additional prefrontal areas compared with controls in the BS > C task (maintenance and manipulation). The BS > C task also showed a significant deactivation of the left PHG in VP children compared with controls. We further explored the contribution of maintenance and manipulation processes of spatial WM by contrasting FS > C task and BS > FS task, respectively. During maintenance of spatial information there were no significant differences in neuronal activation between VP children and controls. During manipulation, VP children showed significantly more activation in the left middle frontal gyrus and the left superior parietal lobe and right cerebellar tonsil compared with controls. In contrast, controls showed significantly more activation in the right precentral and postcentral gyrus and in the left insula compared with VP children. Despite these differences, both groups activated core WM regions such as the frontal-parietal network, cerebellum, basal ganglia, and thalamus. BS > FS task (manipulation) revealed significantly more activation in the RL PFC, basal ganglia, and thalamus within both groups. However, only the VP group showed recruitment of the DL PFC during "pure" manipulation, consistent with previous reports on healthy developing children [Crone et al., 2006] . While this was not observed in controls in our study, it is possible that this reflects a lack of statistical power given the smaller control sample. Nevertheless, additional recruitment of the RL PFC during manipulation of spatial WM was consistent across both groups. The RL PFC is closely linked with the DL PFC, and is involved in abstract reasoning, including integrating plans and processing complex relations [Christoff et al., 2001] . One function ascribed to the RL PFC is monitoring and manipulating sub-goals maintained in WM [Braver and Bongiolatti, 2002] . Consistent with this, our results suggest a significant involvement of this area during "pure" manipulation of spatial WM in both VP children and controls.
Extending previous literature, we have shown that older VP children continue showing an atypical neuronal activation during spatial WM compared with controls. In particular, increased activation in the superior frontal gyrus of our VP group compared with controls is consistent with previous findings of younger VP children aged 7-12 years [Murner-Lavanchy et al., 2014] . Increased activation in the superior frontal cortex in VP children has been reported in other fMRI studies, particularly during language and inhibitory control [Nosarti et al., 2006; Rushe et al., 2004; Santhouse et al., 2002] . We have shown that increased activation encompasses adjacent regions of the core WM network in VP children, specifically bridging the core WM network of the two hemispheres. Thus, our finding suggests that VP children recruit additional areas of the superior frontal gyrus during spatial WM compared with TC children. It is, however, unclear whether the greater activation in the bilateral superior frontal gyrus in our VP children compared with controls overlap the typical activation of healthy controls of younger ages. A visual examination of the mean activation in TC children reported by Murner-Lavanchy et al. [2014] may provide some support for developmental delay of a typical WM network in VP children. The increased activation of the bilateral superior frontal areas observed in our VP children compared with controls during spatial WM corresponded specifically to the premotor cortex and the supplementary premotor cortex (BA 6 and 8), areas involved in complex planning and coordination of movement. The premotor cortex and supplementary premotor cortex play an important role in spatial WM, particularly in the rehearsal of covert motor articulation [Curtis and D'Esposito, 2003 ]. Curtis and D'Esposito [2003] have proposed that rehearsal of intentional action plans is sustained within the premotor cortex, by means of top-down processes from the DL PFC. In our spatial WM task, preparatory motor responses involved complex planning and coordination of finger movement. The additional recruitment of the superior frontal gyrus in VP children may therefore be associated with increased use of strategies to actively rehearse preparatory motor program/ sequences compared with controls.
Contrary to our hypothesis, we did not observe reduced activation in the right middle frontal gyrus in VP children compared with controls. This was surprising given the findings of Murner-Lavanchy et al. [2014] . It is possible that differences in the core WM network between VP children and term-controls become less pronounced with age, providing some support for a neurodevelopmental plasticity of the prefrontal regions. It is also possible that the low load of cognitive demand in our fMRI task was insufficient to replicate the findings of Murner-Lavanchy et al. study. Indeed, other fMRI studies of VP children have shown that decreased activation may only appear with higher cognitive load [Griffiths et al., 2013] . In our study, we deliberately used a low span load to reduce the use of strategies of active rehearsal during performance and to ensure that most children maintained a high level of engagement throughout the task.
Our study also showed that VP children show significantly reduced activation in the left PHG compared with controls during the spatial WM task. This finding was rather surprising given its relative low-key involvement in spatial WM. The PHG is known for its involvement in mnemonic processing, particularly retrieval of episodic memories, using spatial associations and temporal sequencing of events [Ekstrom and Bookheimer, 2007] . The PHG is a core area of the defaultmode network, specifically characterized by an inverted relationship of neuronal activation and cognitive demand [Mantini and Vanduffel, 2013; Prakash et al., 2012] . Activation of the default mode network is associated with internally driven ideas and thoughts of past and future events, which spontaneously appear in a condition of rest or absence of a cognitive task [Andrews-Hanna et al., 2010] . With increased cognitive demand, suppression of the default network co-occurs with increased activation of task specialized areas, typically in the prefrontal regions [Prakash et al., 2012; Vogan et al., 2016] . Such a switch of activation patterns not only allows task-related areas to work undisturbed from distracting thoughts, but also increases neuronal processing efficiency by disengaging task-irrelevant areas with increased cognitive demand.
Given the increased cognitive demand required for the BS > C relative to the FS > C task, it may be suggested that the significant reduction of activation in the PHG found in our study is linked with more effortful cognitive processing in VP children compared with controls. A compensatory downregulation of the default mode network has previously been suggested by Daamen et al. [2015] , who found a significant decreased activation in the right PHG and right precuneus in VP adults compared with controls. Convergently, Taylor et al. [2012] reported that 7-9-years-old VP children show significantly less activation in the right PHG during a visual-spatial n-back task compared with controls. However, it is unclear from the Taylor et al.'s study whether the significant group differences were related to greater deactivation in VP children compared with controls. Overall, the pattern of increased activation of additional frontal areas and decreased activation in the PHG found in our study suggest compensatory mechanisms as a result of more effortful processing of spatial information of WM. While the role of decreased activation of the PHG in VP group during the BS > C task remains unclear, it is important to note that the TC group showed a relative increased activation in this area during the BS > C task. The hippocampus/ PHG, particularly in the right temporal lobule, is known for its involvement in visual-spatial learning and episodic memory [Rombouts et al., 2001] . Previous studies have reported a structural alteration of the hippocampal regions in VP children [Isaacs et al., 2000] , and volumetric reductions of the left hippocampus/PHG have been proposed to be compensated by increased activation of the right hippocampal areas in VP children [Gimenez et al., 2005] . Further investigation is however needed to better understand the role of the hippocampus/PFG during memory tasks in VP children.
Group comparisons of neuronal networks associated with pure manipulation revealed that VP children showed increased activation in wide-spread core WM regions, including the left DL PFC, the left superior parietal gyrus, and right cerebellar tonsil compared with controls. The DL PFC and the superior parietal gyrus have previously been reported to be involved in manipulation [Crone et al., 2006; D'Esposito et al., 1999; Owen et al., 2000] , and more recently, the involvement of the cerebellar tonsil during manipulation of visual-spatial WM tasks has also been suggested [Baier et al., 2014] . Activation of more wide-spread regions are typically observed in children compared with adults, and during child development there is a gradual increased specific recruitment of task-specific areas [Casey et al., 2005; Kwon et al., 2002] . In healthy developing children, increased cognitive demand is reported to be associated with increased activation in the right DL PFC and the superior parietal gyrus [Kwon et al., 2002] . Our results may therefore suggest that increased contralateral recruitment of task-relevant regions in our VP children compared with controls reflect a less mature WM network, similarly to that observed in younger compared with older healthy developing children.
In contrast, VP children showed reduced activation in task-irrelevant regions during manipulation, particularly in the left posterior insula and the right sensorimotor cortex, compared with controls. The insula is structurally and functionally divided into anterior and posterior regions, with anterior insula being significantly connected with the anterior cingulate gyrus, forming the salient neuronal network [Menon and Uddin, 2010] . In contrast, the posterior insula is connected to the posterior cingulate gyrus, an important part of the default mode network [Taylor et al., 2009] . As previously discussed, disengagement of the default mode network may be an important compensatory mechanism associated with increased demand of task-relevant areas. Decreased activation of the right sensorimotor cortex may have similar compensatory effects, although these regions are not typically reported to be associated with cognitive load.
Despite efforts to retain external validity in this study by recruiting participants with a restricted age range and using an fMRI task with low cognitive demand, our sample may comprise a selective group of relatively healthy VP children. As engagement in the fMRI task is crucial for comparison of activation, we were not able to include those VP children who performed poorly on the fMRI task outside of the scanner and/or who had an online performance accuracy below our cut-off. Furthermore, children with severe brain injuries were excluded in this study to reduce the impact of findings being driven by the small number of children having significant brain impairments. Thus, caution should be exercised in interpreting and generalizing our findings, particularly in the context of a developmental delay of the WM network.
Another potential limitation of our study was that the fMRI task may not have been sufficiently demanding, particularly during the FS task. Cognitive test performance outside of the scanner using the WMBT-C suggested that forward span was considerably easier relative to backward span in both the VP and the TC group. Given that the span length was the same for FS and for BS during the fMRI task, it is possible that the nonsignificant group difference in neuronal activation during maintenance may be related to a ceiling of the FS tasks. By keeping the span load low, however, we showed differences in activation during manipulation in VP children compared with TC children, provided that "pure" maintenance was uniquely reserved to the FS task (for a review on cognitive subtraction, see Friston et al. [1996] ). In future studies, a parametric fMRI task could be considered to evaluate to what extent differences in neuronal activation between VP children and TC children correlates with memory span load.
While our study has shown an atypical WM network in VP children compared with controls, minimal differences were observed in WM performance outside the scanner. It is possible that a wider selection of tests would have captured spatial WM impairments as reported in neuropsychological studies [Korpela et al., 2016] . Overall, our results suggest that VP children show an adaptive recruitment of the core WM network in response to increased cognitive demand.
CONCLUSION
Despite similar recruitment of the core spatial WM network, 13-year-old VP children show an atypical neuronal activation compared with term-born controls, specifically related to manipulation processes. This may reflect a slower neurobiological maturation of the DL PFC in VP children compared with controls. Nevertheless, comparable WM performance outside the scanner between VP children and r Arthursson et al. r r 6182 r controls suggest an adaptive recruitment of task-relevant neuronal network during spatial WM in VP children.
